INTRODUCTION
============

MG132 (N-(benzyloxycarbonyl)-Leu-Leu-Leu-al) is a cell permeable peptide-aldehyde molecules, which inhibits ubiquitin-proteasome pathway in reversible manner without affecting its ATPase and isopeptidase activity. The ubiquitin-proteasome pathway is a highly extralysosomal system for selective degradation of short-lived proteins. Although MG132 and other proteasome pathway inhibitors are regarded specific against ubiquitin-proteasome pathway resulting in up-regulation of rapidly turnovering proteins in cells, it can activate JNK to induce apoptosis and inhibits activation of NF-κB or prevents β-secretase cleavage at higher concentration. Recent studies also suggest that MG132 may also transcriptionally upregulate subsets of proteins such as monocyte chemoattractant protein-1, IL-8 and cyclooxygenase-2 by mechanism currently not fully understood, although involvement of ROS production, PI3K-Akt, PKC, Src and MAPKs activation as well as activation of C/EBP-δ and CREB binding protein has been suggested [@B017]; [@B027]; [@B028]; [@B002]; [@B026]. More recently, it has been reported that MG132 induces nuclear translocation of a transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2), which modulates expression of COX-2 in human vascular endothelial cells [@B020]. The multitude of signaling effects of MG132 may underlie the diverse and sometimes seemingly contradictory array of cellular effects such as apoptosis, oxidant or antioxidant activity, neurite outgrowth and neuroprotection.

PAI-1 is an endogenous inhibitor of tissue plasminogen activator (tPA), which regulates a myriad array of neurophysiological and neuropathological processes in brain ranging from axonal outgrowth and synaptic plasticity to neuronal cell death and clearance of amyloid β. Several researchers including us reported that PAI-1 is mainly expressed in astrocytes [@B013] and various stimuli including inflammatory activation regulates PAI-1 expression and hence the activity of tPA by complex interplay of signaling pathways involving, for example, MAPKs, PKA, PKC and TGF-β-Smad and much more [@B006]; [@B011]; [@B015]; [@B012]; [@B013]. The expression level of tPA/PAI-1 is modulated by multiple levels of regulatory mechanisms including transcription, translation and stability control. Surprisingly, there is not much study available on the role of proteasome inhibitors on the level of PAI-1, especially focusing on the possible transcriptional control of gene expression.

In this study, we investigated the effects of MG132 on the expression of PAI-1 in cultured rat primary astrocytes, which is the major cell type expressing PAI-1 in CNS. MG132 increased the expression of PAI-1 by mechanism dependent on the activation of MAPKs and PI3K-Akt, which resulted in the downregulation of tPA activity. The regulation of PAI-1 by proteasome pathway inhibitor may provide additional tool for the delicate modulation of tPA/PAI-1 system in brain.

MATERIALS AND METHODS
=====================

Materials
---------

Dulbecco's Modified Eagle's medium/F12 (DMEM/F12), Penicillin/Streptomycin, fetal bovine serum (FBS) and 0.25% Trypsin-EDTA were purchased from Invitrogen (Carlsbad, CA, USA). MG132, lactacystin, U0126, LY294002, and SB203580 were purchased from Calbiochem, EMD Biosciences (La Jolla, CA, USA), while SP600125 was purchased from Biomol (Plymouth Meeting, PA, USA).

Antibodies were purchased from the following companies: anti-PAI-1 from American Diagnostica Inc. (Stamford, CT, USA), anti-Akt, anti-JNK, anti-p38, anti-Erk, anti-phospho-Akt (Ser473), anti-phospho-JNK (Thr183/Tyr185), anti-phospho-Erk (Thr202/Tyr204) and anti-phospho-p38 (Thr180/Thr182) from Cell Signaling (Hitchln, UK), anti-β-actin from Sigma (St. Louis, MO, USA).

Primary astrocyte culture
-------------------------

Rat primary astrocytes were cultured from the frontal cortices of 2 day-old Sprague Dawley (SD) rat pups according to the methods previously described [@B022]. Briefly, frontal cortex was dissected-out and digested with trypsin. Cells were seeded onto poly-d-lysine coated 75 cm^2^ flask. Confluent cells were subcultured with trypsin-EDTA and were grown in above media for 6-7 days before this study. The purity of astrocytes was about 95% which was determined by immunocytochemistry against specific markers for the specific cell types such as GFAP for astrocytes, OX-42 for microglia and MAP2 for neuron.

###### 

The sequence of primers used in this study

  ------- --------------------------- ---------------------------
  Gene    Forward (5'-3')             Reverse (5'-3')
                                      
  tPA     TCAGATGAGATGACAGGGAAATGCC   ATCATACAGTTCTCCCAGCC
  PAI-1   GCTCCTGGTCAACCACCTTA        CCCCACAAAATTCAAGACCA
  iNOS    CGTGTGCCTGCTGCCTTCCTGCTGT   GTAATCCTCAACCTGCTCCTCACTC
  MMP-9   AAAGGTCGCTCGGATGGTTA        AGGATTGTCATCTGGAGTCGA
  IL-6    TTGTGCAATGGCAATTCTGA        TGGAAGTTGGGGTAGGAAGG
  IL-1β   AAAATGCCTCGTGCTGTCTG        CTATGTCCCGACCATTGCTG
  TNF-α   TAGCCCACGTCGTAGCAAAC        GGAGGCTGACTTTCTCCTGG
  GAPDH   TCCCTCAAGATTGTCAGCAA        AGATCCACAACGGATACATT
  ------- --------------------------- ---------------------------

Assessment of cell viability
----------------------------

Cell viability was also assessed by 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyl-tetrazolium bromide (MTT; Sigma) assay. MTT (500 μg/ml) was added to the cell-culture medium and was incubated for 2 h. After color extraction with DMSO, the absorbance was read at 570 nm with a microplate reader (Molecular Devices, Palo Alto, CA, USA).

Measurement of intracellular level of ROS
-----------------------------------------

Intracellular ROS formation was measured by fluorescence detection using 2\',7\'-dichlorodihydrofluorescein diacetate (H~2~DCF-DA; Molecular probe) [@B014]. After MG132 treatment, cultures were washed with cold PBS and loaded with 20 μM of H~2~DCF-DA for 30 min at 37℃, and then kept at room temperature for an additional 30 min to allow the complete de-esterification of the dye. The DCF fluorescence was analyzed using a fluorescence plate reader (Spectramax Gemini EM, Molecular Devices, Palo Alto, CA, USA) at an excitation of 490 nm and an emission of 530 nm.

Casein zymography
-----------------

The tPA activity was assayed by direct casein zymography as described previously [@B023]. Briefly, culture supernatant mixed with sample buffer was run on 10% polyacrylamide gel containing casein (1 mg/ml; Sigma, St. Louis, MO, USA) and plasminogen (13 μg/ml; American Diagnostica). The gel was washed with 2.5% Triton X-100 and incubated in 0.1 M Tris buffer for overnight at room temperature and then stained with Coomassie Brilliant Blue (G-250). To detect PAI-1 activity by one-phase inverse zymography, gels were incubated with uPA (0.5 IU/ml, American Diagnostica, Greenwich, CT, USA) after renaturation of the SDS-PAGE gel [@B016]; [@B013].

Western blot analysis
---------------------

Proteins were separated by 10% SDS-PAGE and electrically transferred to nitrocellulose membranes. The membranes were incubated with first antibody overnight at 4℃ and then with peroxidase-conjugated secondary antibody (Santa Cruz, CA, USA) for 2 h at room temperature. Specific bands were detected using the ECL system (Amersham, Buckinghamshire, UK) and exposed to LAS-3000 image detection system (Fuji, Japan).

PAI-1 promoter-luciferase reporter assay
----------------------------------------

Cells were transfected with hPAI-798 promoter-luciferase reporter gene (pGL-hPAI-798) and CMV-β-galactosidase plasmid (pCMV) using Lipofectamine as reported previously [@B003]. After transfection, cells were incubated with increasing concentration of MG132. Luciferase and β-galactosidase activities were assayed using luciferase reporter assay system (Promega, Madison, WI, USA), respectively. Luciferase activity was normalized to the β-galactosidase activity in the cell lysates.

![The effects of MG132 and lactacystin on tPA/PAI-1 activity, protein and mRNA levels in rat primary astrocytes. Rat primary astrocytes were incubated in serum-free DMEM/F12 with increasing concentration of MG132 (0.1-1 μM) for 24 h. (A) The activity of tPA/PAI-1 in the culture supernatant was determined by casein zymographic procedure as described in Materials and Methods. (B) The level of PAI-1 protein secreted into culture spent media (Sup) and cell lysates (Cellular) were determined by Western blot using specific antibody against PAI-1. β-Actin levels were measured as a loading control. (C) Expression of total cellular tPA and PAI-1 mRNA were measured by RT-PCR. GAPDH levels were measured as an internal control. (D) Rat primary astrocytes were incubated in serum-free DMEM/F12 with Lactacystin (1, 5 μM) for 24 h. The activity of tPA/PAI-1 in the culture supernatant, the amount of PAI-1 protein secreted into culture spent media and cell lysates, expression of total cellular tPA and PAI-1 mRNA were determined as described. All graphs represent the mean ± S.E.M. of four independent experiments (\*\**p*\<0.01 versus Control).](ooomb4-21-107-g001){#F001}

Semi-quantitative RT-PCR
------------------------

Total RNA was extracted from cells using Trizol^®^ reagent (Invitrogen, Carlsbad, CA, USA). The cDNA obtained from 1 μg total RNA was used as a template for PCR amplification of tPA (NM_013151), PAI-1 (NM_012620), iNOS (NM_012611), MMP-9 (NM_031055), IL-6 (NM_012589), IL-1β (NM_031512), TNF-α (NM_012675) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (NM_017008) mRNA as described previously [@B004]. The PCR amplification consisted of 35 cycles (94℃, 5 min; 60℃, 1 min; 72℃, 1 min) with the following oligonucleotide primer sets ([Table 1](#T001){ref-type="table"}).

Statistical analysis
--------------------

Data are expressed as the mean ± standard error of mean (S.E.M.) and analyzed for statistical significance by one way analysis of variance (ANOVA) followed by Newman-Keuls test as a post hoc test; a *p*-value \<0.05 was considered as statistically significant.

RESULTS
=======

MG132 increases PAI-1 activity, protein and mRNA levels in rat primary astrocytes
---------------------------------------------------------------------------------

As shown in [Fig. 1](#F001){ref-type="fig"}., 0.5 and 1 μM MG132 induced enzymatic activity as well as protein (Sup and Cellular) and mRNA expression of PAI-1 in rat primary astrocytes ([Fig. 1](#F001){ref-type="fig"}A-C). Another proteasome inhibitor lactacystin (1 and 5 μM) also increased PAI-1 expression ([Fig. 1](#F001){ref-type="fig"}D). The increased expression of PAI-1 inhibited tPA enzymatic activity in culture supernatant of rat primary astrocytes ([Fig. 1](#F001){ref-type="fig"}A).

MG132 increases PAI-1 promoter activity in rat primary astrocytes
-----------------------------------------------------------------

To verify MG132-induced expression of PAI-1 in rat primary astrocytes, a human PAI-1 promoter-luciferase reporter gene (pGL-hPAI-798) was transfected in rat primary astrocytes. MG132 increased transcriptional activity of PAI-1 expression reporter construct ([Fig. 2](#F002){ref-type="fig"}B) in a concentration dependent manner without affecting cell viability ([Fig. 2](#F002){ref-type="fig"}A).

MG132 increases p38, Erk, JNK and Akt activities in rat primary astrocytes
--------------------------------------------------------------------------

We next examined the signaling pathway involved in the up-regulation of PAI-1 by MG132. MG132 resulted in sustained and robust increase in phosphorylation of p38, Erk and JNK. The phosphorylation of p38, Erk and JNK is peaked at 6 h and prolonged until 24 h. Treatment with MG132 also increased the phosphorylation of Akt ([Fig. 3](#F003){ref-type="fig"}).

P38 inhibitor inhibited MG132-induced up-regulation of PAI-1 in rat primary astrocytes
--------------------------------------------------------------------------------------

To next investigated the effects of MAPK and PI3K inhibitors on PAI-1 induction by MG132. All three MAPK inhibitors, namely U0126, SB203580 and SP600125, which inhibits Erk, p38 and JNK and a PI3K inhibitor LY294002 inhibited MG132-induced upregulation of PAI-1 activity as well as the down-regulation of tPA acitivity ([Fig. 4](#F004){ref-type="fig"}A). They also inhibited MG132 induced overexpression of PAI-1 protein (Sup and Cellular) and mRNA levels ([Fig. 4](#F004){ref-type="fig"}B, C). The strongest inhibition was observed with p38 inhibitor SB203580.

MG132 has no effects on immunological stimulation of rat primary astrocytes
---------------------------------------------------------------------------

Immunological stimulation such as LPS strongly induces PAI-1 expression in rat primary astrocytes. Therefore, we examined whether MG132 induces oxidative stress and immunological stimulation in rat primary astrocytes. While LPS induced oxidative stress and up-regulation of inflammatory mediators such as iNOS, MMP-9, IL-6, IL-1β and TNF-α as well as PAI-1 mRNA, MG132 did not upregulated oxidative stress and iNOS, MMP-9, IL-6, IL-1β and TNF-α expression suggesting the specificity of MG132-induced upregulation of PAI-1 in rat primary astrocytes ([Fig. 5](#F005){ref-type="fig"}).

DISCUSSION
==========

In this study, submicromolar concentration of MG132 increased expression of PAI-1, which is related to the transcriptional activation of PAI-1 gene expression but possibly not by direct inhibition of PAI-1 degradation as evidenced by increased mRNA level determined by RT-PCR and increased PAI-1 promoter activity. Although some other researchers reported the transcriptional activation of specific gene expression by MG132, the concentration of MG132 used in those study is rather high, which may affects multiple of signaling pathways making the clear interpretation of the experimental data difficult [@B017]; [@B027]; [@B028]. In case of MG132-induced transcriptional activation of COX-2 expression, the authors used micromolar concentration of MG132 and several signaling pathways such as PI3K, p38, Src, and PKC has been reported to induce C/EBP-δ binding to both CRE and NF-IL6 sites on the COX-2 promoter, resulting in the initiation of COX-2 transcription [@B002]. Similar study conducted in Raw264.7 cells, showed submicromolar concentration of MG132 increased COX-2 expression in p38 but not Erk or JNK dependent manner, suggesting activation of p38 might be the crucial events regulating COX-2 expression by low concentration of MG132 [@B026], which is consistent with the results obtained from the present study.

Although the data obtained from the present study suggest that PAI-1 mRNA is upregulated by MG132, the inhibition of proteasomal degradation of PAI-1 by MG132 may also contribute to the increase in PAI-1 expression in our experimental system. To investigate the possible involvement of proteasomal pathway in the regulation of PAI-1 level, direct determination of ubiquitination on PAI-1 protein might be necessary. Interestingly, the extent of the fold-increase in PAI-1 promoter activity, mRNA level and protein activity is somewhat different in this study, which may suggest that not only the transcriptional control but also other mechanisms such as the increased protein stability, altered translational efficiency and stabilization of mRNAs by binding of RNA binding proteins such as HuR [@B007] are also involved in the MG132-induced up-regulation of PAI-1.

![The effects of MG132 on cell viability and PAI-1 promoter activity in rat primary astrocytes. (A) Rat primary astrocytes were incubated in serum-free DMEM/F12 with increasing concentration of MG132 (0.1-1 μM) for 24 h. The viability of astrocytes was determined by the MTT reduction assay. (B) Rat primary astrocytes were in-cubated with MG132 (0.1-1 μM) for 24 h after transfection with pGL-hPAI-798 and pCMV-β-galactosidase plasmid. PAI-1 promoter activity was measured as described. All graphs represent the mean ± S.E.M. of four independent experiments (\**p*\<0.05, \*\**p*\<0.01 versus Control).](ooomb4-21-107-g002){#F002}

It has been suggested that MG132 may induce activation and nuclear translocation of a transcription factor Nrf2, which might be responsible for the MG132-induced upregulation of COX-2 [@B020]. However, Nrf2 overexpression effectively inhibited the TGF-β/Smad signaling and PAI-1 expression in an immortalized human hepatic stellate cell line [@B018] and the expression of Nrf2 is deregulated in many cancer cells results in Smad-dependent transcription of target genes including PAI-1 [@B019]. These results suggest that activation Nrf2 may not be a mechanism responsible for the MG132-induced PAI-1 upregulation. PAI-1 gene expression can be regulated by various transcription factors and regulators such as AP-1, Egr-1, IGF-1, HIF-1α, C/EBPα and TGF-β-Smad2/3α/4 in many different cell types including RAW264.7 murine macrophages, rat mesangial cells and HepG2 hepatoma cells. It is remained to be determined whether MG132 regulates the PAI-1 expression by regulating some of those factors in rat primary astrocytes.

![Time course of p38, Erk, JNK and Akt activation by MG132 in rat primary astrocytes. Rat primary astrocytes were incubated in serum-free DMEM/F12 with 1 μM MG132 for 3-24 h. Cells were harvested for Western blot analysis and the activation of p38, Erk, JNK and Akt at different time points was assessed by measuring the respective phosphorylated forms of signaling molecules. Total level of p38, Erk, JNK and Akt were measured as controls. The graph represents quantification data which is the mean ± S.E.M. of four independent experiments (\*\**p*\<0.01 versus Control).](ooomb4-21-107-g003){#F003}

MG132 and other proteasome inhibitors may induce apoptotic cell death in a variety of different cell types and one of the proteasome inhibitor such as Bortezomib (VELCADE) is in clinical use against relapsing multiple myeloma. MG132 induces caspase activity by upregulating the production of reactive oxygen species and modulating the expression of tumor suppressors, transcription factors and cell cycle regulators [@B010]. However, MG132 did not affect cell viability in this study.

Although the physiological or clinical significance of current investigation is not certain at this moment, it is possible that proteasomal inhibitors like MG132 may protect neuron from excess tPA-induced cell death by upregulating PAI-1. Endogenous or exogenous tPA in excess amount in CNS may induce neurotoxicity either directly or by activating target molecules such as NMDA receptor. MG132 may also modulate neuronal migration or neurite outgrowth by modulating tPA/PAI-1 system. PAI-1 is one of the most robustly upregulated proteins upon proliferative/migratory stimuli and is regarded as a crucial regulator of cell migration along with uPA and uPAR [@B005], which makes it an auxiliary target for cancer chemotherapy. PAI-1 binds to its endogenous substrate uPA and/or uPAR, ligand binding partner LRP-1 or extracellular matrix protein such as vitronectin and accumulates at the leading edge of migrating cells and is believed to fine tune the extracellular matrix and proteolytic activity for the optimal penetration of migrating cell processes. Interestingly, several researchers reported that MG132 induces neurite outgrowth in several different cell lines by diverse mechanism involving the induction of anti-oxidant enzymes, activation of MAPKs and PI3K [@B009]; [@B024]; [@B008]; [@B025]. However, it should be remembered that the increase in PAI-1 expression resulted in the down-regulation of tPA activity, which is also implicated in cell migration as well as axonal growth during physiological development condition or regenerative condition after brain trauma such as stroke and seizure [@B001]; [@B021]; [@B029]; [@B030]. Therefore, the final effects of MG132 on neuronal migration or neurite outgrowth might be differentially regulated depending on the microenvironment affected in the brain, which needs empirical determination in each experimental models.

![The effects of MAPK inhibitors on MG132-induced modulation of tPA/PAI-1 activity, protein, mRNA levels in rat primary astrocytes. Rat primary astrocytes were incubated in serum-free DMEM/F12 with 1 μM MG132 for 24 h with or without U0126 (10 μM), LY294002 (10 μM), SB203580 (10 μM), SP600125 (10 μM). (A) The activity of tPA/PAI-1 in the culture supernatant was determined by casein zymographic procedure as described. (B) The amount of PAI-1 protein secreted into culture spent media (Sup) and cell lysates (Cellular) were determined by Western blot using. β-Actin levels were measured as a loading control. (C) Expression of total cellular tPA and PAI-1 mRNA were measured by RT-PCR. GAPDH levels were measured as an internal control. All graphs represent the mean ± S.E.M. of four independent experiments (\*\**p*\<0.01 versus Control, ^\#^*p*\<0.05, ^\#\#^*p*\<0.01 versus MG132 1 μM treated group).](ooomb4-21-107-g004){#F004}

![The effects of MG132 on immunological stimulation in rat primary astrocytes. (A) Rat primary astrocytes were incubated in serum-free DMEM/F12 with increasing concentration of MG132 (0.1-1 μM) and 100 ng/ml LPS for 24 h. Intracellular ROS was measured by H2DCF-DA fluorescence (490/530 nm) as described in Materials and Methods. (B) Rat primary astrocytes were incubated in serum-free DMEM/F12 with 1 μM MG132 and 100 ng/ml LPS for 24 h. Expression of total cellular tPA, PAI-1, iNOS, MMP-9, IL-6, IL-1β, TNF-α mRNA were measured by RT-PCR. GAPDH levels were measured as a loading control. Data are representative of four such experiments, which gave similar results (\*\**p*\<0.01 versus Control).](ooomb4-21-107-g005){#F005}

In conclusion, MG132 increased PAI-1 expression by transcriptional upregulation of PAI-1 gene expression in rat primary astrocytes, which might be regulated by activation of p38 MAPK pathway. Although it is possible that MG132 may regulate tPA expression in other cell types such as neuron in more classical way involving direct inhibition of proteasomal degradation of proteins, the upregulation of PAI-1 in astrocytes, which is the major cell types expressing PAI-1 in CNS, may contribute to the downregulation of tPA activity not only in astrocytes but also in neuron, which may results in neuroprotection in a condition where excess tPA activity may induce neurotoxic effects. The results from the present study may facilitate the understanding of the regulatory mechanism governing tPA/PAI-1 activity in CNS as well as provide the opportunity for pharmacological and cell biological dissection of neurobiological processes regulated by this intriguing neuromodulator system.
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